The Songshugou ultramafic massif is located to the north of the Shang-Dan fault, the Palaeozoic suture between the North and South China blocks. It is the largest Apline-type ultramafic body in the Qinling orogenic belt of central China, consisting mainly of dunite with a small amount of harzburgite and minor pyroxenite. We present new LA-ICP-MS U2Pb dating and trace element results for zircon from two garnet amphibolite samples in the contact metamorphic zone surrounding the massif. One was sampled ,1 m from the massif, the other ,5 m away. The studied zircon grains are small, anhedral, and display typical metamorphic characteristics of low Th/U values (,0.1). The U and Th concentrations of zircon range from several hundred ppm to less than 10 ppm. Cathodoluminescence images show two apparent generations of zircon, with lighter cores and darker rims. Core and rim ages however, are identical within error. These two samples yield identical concordant ages of 506¡7 and 510¡7 Ma, suggesting that the Songshugou ultramafic massif was emplaced at ,510 Ma. Low HREE concentrations and the absence of Eu anomalies in most analysed zircons suggest that the studied grains most likely formed during garnet amphibolite metamorphism induced by emplacement of the ultramafic massif.
Introduction
The Qinling orogenic belt in central China is the middle-western part of the suture between the North and South China blocks (Zhang et al. 1995a,b; Zhang 1997; Meng and Zhang 1999; Sun et al. 2002b) . It is of critical importance for understanding the interaction between these two blocks and the tectonic evolution of China (Mattauer et al. 1985; Zhang et al. 1989 Zhang et al. , 2004 Lerch 1993; Lerch et al. 1995; Gilder and Courtillot 1997; Zhang 1999, 2000) .
There are over 100 ultramafic massif bodies, widely distributed along the Qinling Mountains. These massifs are generally closely related to the evolution of the Qinling orogenic belt. One of them, the Songshugou ultramafic massif, is the largest Alpine-type ultramafic body in China (Huang 1984; Li et al. 1991; Zhang 1993; Sun et al. 1997) , covering an area of ,20 km 2 . Remarkably, the Songshugou ultramafic massif consists mainly of dunite (,90%), with a small amount of harzburgite and minor pyroxenite .
The Songshugou massif has gained wide interest since the 1950s, because of its unique characteristics and important tectonic settings, which are very important for understanding the history of the Qinling orogenic belt and the interaction between the North and South China blocks. It is, however, still controversial as to how it formed and when it emplaced into the Proterozoic Qinling Group (An et al. 1981; Wang et al. 1982 Wang et al. , 2005 Huang 1984; Xu et al. 1988; Gao 1990; Li et al. 1991; Liu et al. 1995 Liu et al. , 2004 Dong et al. 1997; Zhang et al. 2001; Su 2004 ). For example, based on studies of structure and strata, the Songshugou massif was initially interpreted as magmatic fractionation at high temperature, which then erupted (Northwest Metallurgy 713 Team 1961) , similar to komatiite. Later on, it was considered to be a residual of mantle melting, which intruded into the Qinling Group at low temperature through complicated tectonic processes associated with an intense metamorphic event in the Late Precambrian (650,830 Ma) in the Songshugou region (An et al. 1981) . Furthermore, the ultramafic massif might have suffered high-temperature and low-temperature metamorphisms (Xu et al. 1988) . Others proposed that the emplacement time of the massif was Neoproterozoic Liu et al. 2004) . These ages were taken as evidence of major Jinning tectonic movement (,1.0 Ga) in the Qinling orogenic belt. Given that the Songshugou massif has been regarded as part of an ophiolite, it was further speculated that there was a Proterozoic oceanic basin in the region (B. G. Zhang et al. 2001) . Others suggested that the Songshugou massif was part of the Neoproterozoic super plume, which formed during the same event as other Neoproterozoic mafic and ultramafic rocks widely distributed in South China Block (Su 2004 ), e.g. mafic dikes in the South China (Z.X. Li et al. 2003 ; W.X. Li et al. 2005; Li et al. 2005a) , and Jinchuan to the west of Qinling (Li et al. 2005b) . Namely, the Songshugou ultramafic rocks, together with nearby Hannan mafic-ultramafic intrusions, were associated with a mantle plume (Su et al. 2005) .
The emplacement age of the Songshugou massif is one of the keys for understanding its evolution and geological significance with respect to the evolution of the whole Qinling orogenic belt. In this study, we analysed the U-Pb ages and trace elements of zircon from garnet amphibolite in the contact metamorphic zone using LA-ICP-MS methods. In addition, four amphibole samples collected across the contact metamorphic zone were dated using 40 Ar/ 39 Ar methods. Our results show that the Songshugou massif was emplaced into the Qinling group at ,510 Ma, and cooled down slowly for more than 100 Myr.
Geological setting
The Qinling orogenic belt can be divided into four zones, known as the South margin of the North China Block, the North Qinling zone, the South Qinling zone, and the North margin of the Yangtze Block, which are separated by the LuonanLuanchuan, Shang-Dan, and Mian-Lue faults, respectively (Zhang et al. 1989) (Figure 1 ). The north Qinling zone is regarded as the North Qinling arc system, separated from the south margin of the NCB by a backarc basin (Xue et al. 1996; Sun 2002b) . It consists of strongly deformed metasediments and metavolcanic rocks, including Qinling (Pt 1 ), Kuanping (Pt 2-3 ), Erlangping, and Danfeng Groups. These sediments were deposited in continental shelf and slope environments from the Late Proterozoic to the Early Palaeozoic. The volcanic rocks typically show geochemical characteristics of continental tholeiites and were probably erupted in a rift setting (Wang et al. 1991; Lerch 1993) at ,1.0 Ga .
The Songshugou ultramafic massif belongs to the North Qinling zone, which is located to the north of the Shang-Dan fault in Shangnan County, Shaanxi Province. It consists predominantly of fine-grained dunite (,90%), with minor harzburgite, coarse-grained dunite, tilaite and thin veins of pyroxenite. Dunite distributes mainly in the centre, whereas other rocks scatter more in the margin. The ultramafic rocks are fairly fresh, with a thin serpentinized rim surrounding the massif. Observation under the microscope shows penetrative schistosity, whereas finegrained dunite has already changed to mylonite as a result of multiple deformation . Medium-to coarse-grained dunite occurs as lenses of different sizes in fine-grained dunite mylonite. Harzburgite and tilaite appear as segregation in dunite layers.
The Songshugou ultramafic massif intruded into the Proterozoic Qinling Group (Figure 1 ). Surrounding the massif, there is a garnet amphibolite 'coating' ,2210 m thick, which was formed during thermal contact metamorphism, most likely related to the emplacement of the massif. These together are surrounded by marble and felsic gneiss of the Qinling Group (Figure 2 ). The contact metamorphic zone consists mostly of garnet amphibolite, which changes gradually to regional metamorphosed amphibolite outward (the wall rock). It locally intercalated with minor lenticular marble. The garnet amphibolite is mainly composed of garnet (.30%) and amphibole. Garnet commonly shows nubbly structure, occurring as lenses in the amphibolite. Relics of high-pressure granulite or garnet clinopyroxenite, overprinted by the amphibolite facies, have been reported in the contact metamorphic zone (Liu and Zhou 1994; Liu et al. 1995) . Garnet with nubbly structures is usually surrounded by plagioclase, which is retrograde metamorphic product of garnet.
The amphibolite consists of plagioclase, hornblende, silicate and quartz, etc. Published data suggested that the protolith of the amphibolite wall rock was metamorphic mafic volcanic rocks Pei et al. 1996; Zhang et al. 2001) , with trace element characteristics ranging from N-MORB to E-MORB types .
Samples and methods
In this study, we selected two fresh garnet amphibolite samples from the contact metamorphic zone, S-02 and S-06, for LA-ICP-MS U2Pb zircon dating. Sampling locations (N33u3599580, E110u5796010) are shown in Figure 2 . Samples were first crushed through a mechanical corundum disintegrator ST-4 (Wuhan, China) to ,200 mm in diameter, followed by separation using conventional heavy liquid and magnetic techniques. Finally, zircon grains were hand-picked under a binocular microscope and then mounted in epoxy resin and polished down to half to expose the grain centres. The selection of zircon for isotopic analyses was done on the basis of cathodeluminescence (CL) images (Figure 3 ). CL imagines were taken using an electron microprobe (JEOLJXA-8800M) at the Electron Microprobe Lab, Beijing Institute of Geology and Geophysics, the Chinese Academy of Sciences. Most of the selected zircon grains are small (602130 mm in length, 30270 mm in width), anhedral, transparent or tinctorial, with two generations, lighter cores and darker rims.
U2Pb zircon dating was carried out at the State Key Laboratory of Continental Dynamics, Northwest University, China (Liu and Sun 2005) . Both an ELAN6100DRC from Perkin-Elmer/SCIEX (Ont., Canada) with a dynamic reaction cell (DRC) and, later on an Agilent 7500a were used. A Geolas 200M laser-ablation system was used for laser-ablation experiments. The system is equipped with a 193 nm Lambda Physik ArF-excimer laser and an imaging optical system designed by Gü enther (1997 Yuan et al. 2003) .
A zircon standard (Harvard 91500) was used as an external standard for age calculation, and a glass standard (NIST 610) as the external standard for the concentration calculation. A minor isotope of Si ( 29 Si) was used as an internal standard. The SiO 2 content in zircon is assumed to be 32.78% for all samples. The international zircon standard, TEM, was analysed to test the reliability of the results. The weighted average 206 Pb/ 238 U age of TEMORA analyses during our study was 417¡1 Ma, which is consistent with the recommended value of 416.75¡0.24 Ma, within error (Black 2003) .
Isotopic ratios and U, Th and Pb concentrations were calculated using GLITER 4.0, whereas ages were calculated using Isoplot program (ver. 2.49). Concentration values of NIST SRM 610 used for the external calibration are taken from (Pearce et al. 1997) . The age of the 91500 used for calculation was 1064 Ma (Wiedenbeck et al. 1995) .
To better constrain the geological meaning of zircon ages, we also analysed trace elements near some of the spots for age determination. Isotopes analysed for trace elements analyses were: 31 (Pearce et al. 1997) . Concentrations were calculated by using GLITER 4.0.
Four samples (JSM-01, JSM-02, JSM-03, JSM-04) across the contact metamorphic zone with intervals of 223 m from inside outward were selected for 40 Ar/ 39 Ar dating. Sampling locations are close to those for zircon dating (N33u3599580, E110u5796010). JSM-01, JSM-02, JSM-03 are garnet amphibolite samples in the contact metamorphic zone. JSM-04 is a wallrock amphibolite, which was not obviously affected by the contact metamorphism. Amphibole separates were collected using conventional methods for laser heating 40 Ar/ 39 Ar dating. About 100 amphibole grains ,1 mm in diameter were picked for each analysis. All the samples were neutron irradiated together with standards in No. 49-2 nucleus reactor at the Institute of High Energy Physics, the Chinese Academy of Sciences. Instantaneous flux of the neutron is 6.0610 12 26.5610 12 (n/cm 2 ?s). Argon isotope analyses were carried out at the Key Laboratory of Isotope Geochronology and Geochemistry, Guangzhou Institute of Geochemistry, the Chinese Academy of Sciences, using GV5400 Ar rare gas MS. The results were calculated and plotted by using ArArCALC (2.1) (Koppers 2002) . Detailed technology and processes are similar to those in the literature (Onstotta et al. 1991; Qiu and Wijbrans 2006) .
Analytical results

U-Pb dating
Fifteen and eleven U/Pb dating analyses were obtained for sample S-02 and S-06, respectively. (Figure 4) , which are consistent with each other within error.
Trace element
The trace element results of zircon samples ( Figure 5 ) are presented in Table 2 . All analyses were carried out near the age spots. Most zircon grains have consistent REE patterns with flat HREE and no obvious Eu negative anomaly. The REE pattern of spot LJF-1.03 is distinctively different from other zircon grains. It has considerably higher REE concentrations and obvious Eu negative anomaly.
The Th/U ratios of zircon from these two samples are mostly less than 0.1, with a few exceptions. Therefore, most of the zircon grains are metamorphic in origin, such that the ages represent a metamorphic event. Zircon domains with Th/U higher than 0.1 are usually very small (less than 30 mm), possibly due to inherited magmatic zircon. Figure 6 and Table 3 . Two of the samples that were collected close to the ultramafic massif (JSM-01, JSM-02) yielding plateau ages of 372¡15 Ma (JSM-01), 464¡12 Ma (JSM-02), respectively. The other two samples away from the ultramafic body yield disturbed plateau ages of 474¡8 Ma (JSM-03), 781¡146 Ma (JSM-04). No reliable isochron ages were obtained.
Discussion
Emplacement of Songshugou massif
The average age of zircon from the Songshugou contact metamorphic zone (,510 Ma) is significantly younger than previous results (,980 Ma), which were used to International Geology Review argue that the Songshugou ultramafic massif was emplaced during the Jinning orogeny at ,1.0 Ga ) and that there were major Proterozoic tectonic events in the North Qinling region (H.F. Zhang et al. 2001) . The Sm2Nd isochron age of 983¡140 Ma was obtained by using garnet, amphibole and whole rock from the garnet amphibolite in the contact metamorphic zone . This age is consistent with a zircon U2Pb age (973¡35 Ma) for the amphibolite near the contact metamorphic zone . The zircon however, is magmatic in origin, and thus the U2Pb age represents the formation age of the protolith . Nonetheless, the large error (983¡140 Ma) of the Sm2Nd isochron age implies that this age is not very reliable. One possible reason for the large error of the Sm2Nd isochron is that garnet was formed during the exhumation of the ultramafic massif, whereas amphibole might also have formed during the regional metamorphism before the contact metamorphism. Alternatively, relics of high-pressure granulite or garnet clinopyroxenite overprinted by the amphibolite facies in the contact metamorphic zone (Liu and Zhou 1994; Liu et al. 1995) imply that garnet was probably formed earlier than some of the amphibole. In addition, retrograde metamorphism may also have influenced the Sm2Nd system. The distribution of the contact metamorphic zone is closely associated with the Songshugou massif, implying that it was formed during emplacement of the massif (Dong et al. 1997) . Given that most of the zircon grains studied here are metamorphic in origin with low Th/U, the dating results of zircon represent the age of the emplacement. This is strongly supported by zircon trace element data.
One zircon grain (LJF-1.03) has distinctively high heavy REE contents with a negative Eu anomaly, indicating that this grain formed in the presence of plagioclase before garnet appeared. This zircon grain was likely formed at the early stage of the metamorphism induced by the intrusion of the ultramafic body. By contrast, all other zircon grains have consistent REE patterns, with low heavy REE contents and no Eu anomaly, similar to those of eclogitic zircon, suggesting that these grains formed after garnet appeared (Sun et al. 2002a) . The U/Pb ages zircon grains with different REE patterns, however, are identical to each other within error (Table 1) , indicating the emplacement of the ultramafic massif lasted for a very short period. Therefore, their ages (,510 Ma) represent the formation of garnet amphibolite, and the emplacement of the Songshugou massif into amphibolite of the Proterozoic Qinling Group. These ages, together with ultrahigh-pressure metamorphic rocks of the same age, indicate a major tectonic event occurred in the early Paleozoic International Geology Review (,4802510 Ma) in the North Qinling region. This event was probably related to the closure of the North Qinling arc system (Xue et al. 1996; Sun et al. 2002b) . 40 Ar/ 39 Ar ages of amphibole from Songshugou garnet amphibolite contact metamorphic zone by laser stepwise heating increase from ,370 Ma for the inner garnet amphibolite sample to ,780 Ma for the amphibolite sample ,20 m away from the ultramafic massif. All those ages are younger than magmatic zircon U/Pb ages (,1.0 Ga) for amphibolite nearby , indicating that the K2Ar system of those samples has been disturbed during by regional metamorphism and/ or during the emplacement of the Songshugou ultramafic massif. The age of sample JSM-04 has a bigger error, and is older than emplacement ages of the ultramafic massif, indicating that its K2Ar system was not totally reset by the ultramafic massif. The amphibole 40 Ar/ 39 Ar ages of other samples are considerably younger than the emplacement ages of the ultramafic massif, suggesting a very slow cooling history of contact metamorphic zone after the ultramafic massif emplacement.
Previous authors proposed that the Songshugou massif formed through largescale porous percolation flow of high-MgO melts probably related to the Rodinia superplume (,825 Ma) (Su et al. 2005 ) based on melt inclusions and an 40 Ar/ 39 Ar age of 848.2¡4.3 Ma for clinopyroxene megacrysts found in the ultramafic massif (Chen et al. 2002) . The Rodinia superplume is represented by widely distributed mafic dikes of ,825 Ma in South China (Z.X. Li et al. 2003; W.X. Li et al. 2005; Li et al. 2005a) . A recent study showed that the formation age of the Jinchuan ultramafic intrusion ranges from 812¡26 Ma to 827¡8 Ma, which is the same as the age of the Rodinia superplume within uncertainties. Based on geochemical characteristics of the Jinchuan ultramafic intrusions, it has been proposed that Jinchuan was also part of the Rodinia superplume (Li et al. 2005a) . The 40 Ar/ 39 Ar age of 848.2¡4.3 Ma for clinopyroxene megacrysts from Songshugou is however, older than the age of the Rodinia superplume (825 Ma). Moreover, the closure temperature of a K2Ar system is lower than that of U2Pb in zircon. The peak metamorphic temperature in the contact metamorphic zone was ,800uC, which is much higher than the regional metamorphic temperature (Sun et al. 1997) . Therefore, it is difficult to understand how the K2Ar system of the clinopyroxene megacrysts closed at such high temperatures. Further investigation is needed to understand the meaning of its 40 Ar/ 39 Ar age and to test whether the Songshugou massif was part of the Rodinia plume.
Implications on the evolution of Qinling orogenic belt
The Qinling orogenic belt was formed by the collision between the North and South China blocks (Zhang et al. 1995a, b; Zhang 1997; Meng and Zhang 1999; Sun et al. 2002a) . Many authors agree that the Qinling orogen was built up through interplay of three major blocks, the North China Block (including the North Qinling), the South Qinling terrain, and the South China Block, with two sutures, the Shangdan and Mianlue (Zhang et al. 1995a; Meng and Zhang 2000; Zhang et al. 2004) . The Shangdan suture resulted from the Middle Palaeozoic collision of the North China Block and the South Qinling (Meng and Zhang 1999) . The Mianlue suture resulted from the Late Triassic collision of the South Qinling and the South China Block (Mattauer et al. 1985; Meng and Zhang 1999) . The North Qinling, however, is different from the North China Block, but more or less similar to the South China Block, in terms of lead isotope (H.F. . This was used to argue that the North Qinling belong to the South China Block. Based on contrasting studies of Pb isotopic compositions between the North and South Qinling, it has been suggested that the Shangdan fault was not the main suture between the North and South China blocks in the Palaeozoic (Zhang 1997; H.F. Zhang et al. 1998) . Others argued that these Pb isotope characteristics are also compatible with an arc setting of the North Qinling, considering that South China materials as well as isotopic signatures can be transported to the arc. Moreover, we are not clear when the North Qinling obtained its Pb isotope signature (Sun and Li 1998) . Interestingly, zircon ages of ,960 to ,900 Ma for granitic gneisses in the North Qinling (Chen et al. 2006) imply its close association with the South China Block and the South Qinling
International Geology Reviewat ,900 Ma. Nonetheless, this cannot define the tectonic affinity of the North Qinling in the Palaeozoic.
Our results show that the Songshugou massif intruded into the Qinling group at ,510 Ma. There are two high-to ultrahigh-pressure metamorphic belts of similar ages discovered in the Qinling Group near the Songshugou massif (Liu and Zhou 1994; Yang et al. 2003) . The south belt is only ,2 km away from the Songshugou ultramafic massif, whereas the north belt is ,20 km away. High-pressure mafic granulites from the south belt yielded LA-ICP-MS U2Pb zircon metamorphic ages of 485¡3.3 Ma (Chen et al. 2004) , and diamond-bearing gneiss from the north belt yielded SHRIMP U-Pb zircon metamorphic ages of 502¡4.2 Ma (Yang et al. 2005) . In addition, a SHRIMP zircon U2Pb age of 514¡1.3 Ma was obtained for the Fushui gabbroic complex ) near the Songshugou massif. One plausible interpretation is that the North Qinling separated from the South Qinling (South China Block) during the breakoff of Rodinia (Li et al. 1999) , which then merged with, and became an active margin of, the North China Block. The nature of the event at ,500 Ma is still not very clear. It probably represents a collision between a microcontinent or island and the North Qinling (North China Block) in a southwest Pacific-type plate boundary.
The youngest 40 Ar/ 39 Ar age is about 130 Myr younger than the emplacement age of the Songshugou ultramafic body (,510 Ma). This young age is not likely to be due to re-setting of the garnet amphibolite during a late stage regional tectonothermal event, because 40 Ar/ 39 Ar age of amphiboles in the contact zone increases from the ultramafic massif outward (,370 to ,780 Ma), indicating close association with the massif. Therefore, the Songshugou ultramafic massif ascended and cooled at a very slow rate. A previous study indicates that the metamorphic peak temperature was ,800 uC (Sun et al. 1997) . This corresponds to a cooling rate of 2.3uC/Myr, assuming the closure temperature of the K2Ar system is 500uC. Such a slow cooling rate suggested that either there was very limited uplift and consequent denudation between 550 and 370 Ma, or the Songshugou ultramafic massif was preserved at temperatures above the closure temperature of the K2Ar system for a long time and then was emplaced into the Qinling Group during regional tectonic events. The former is consistent with previous results (Sun and Yu 1991) .
It is generally accepted that the ocean between the South and North China blocks closed along the Shang-Dan fault in the Palaeozoic (Meng and Zhang 1999) , based on studies on geochronology, petrology, and field observations. Convergence of the two blocks did not result in the final continent collision and subsequent mountainbuilding, such that there was no obvious uplift in the Qinling orogenic belt associated with the Palaeozoic suturing (Sun and Yu 1991) .
Conclusions
Geochronology analyses of garnet amphibolites in the contact-metamorphic zone indicate that the Songshugou ultramafic massif was emplaced at ,510 Ma, rather than 1000 Ma. Therefore, the Songshugou ultramafic massif did not result from the Jinning orogeny. Instead, it was emplaced into the Proterozoic Qinling Group during the Palaeozoic. It cannot be used to support major geological events in the Qinling region during the Jinning period. Our new data for the Songshugou ultramafic massif, together with ultrahigh-pressure metamorphic rocks of the same age, indicate that a major tectonic event occurred in the early Palaeozoic 72 J.F. Liu et al. (,4802510 Ma) in the North Qinling region, which was probably associated with closure of the North Qinling arc system.
